A cute liver failure (ALF) is defined as severe liver injury with rapid onset that results in hepatic encephalopathy (HE) and coagulopathy in persons without preexisting liver disease. The principal causes of ALF include acetaminophen (N-acetyl-p-aminophenol [APAP]) overdose, ischemic and pregnancy-associated liver injury, acute infection with hepatitis A or B virus, drug-induced liver injury, autoimmune hepatitis, BuddChiari syndrome, and Wilson disease (1, 2) . For some causes, such as APAP toxicity, outcomes are favorable and transplant-free survival (TFS) approaches 70%, whereas other causes have unfavorable outcomes, including a much lower likelihood (<30%) of recovery without liver transplantation (2) . One-year survival after emergency liver transplantation in patients with ALF in the United States and Europe is reportedly good but is lower than among patients with cirrhosis who receive a transplant (3) .
Patients with ALF often deteriorate rapidly and therefore receive the most urgent ranking (status 1) in the United Network for Organ Sharing transplantation system. Treatment of ALF in the intensive care unit is largely supportive and includes ventilator and vasopressor support for respiratory and/or circulatory failure, renal replacement therapy, plasma and blood transfusions, antibiotics, and measures to decrease intracranial pressure (4 -6) . N-acetylcysteine is used to treat APAP overdose and has shown efficacy in patients with ALF not due to APAP toxicity, particularly those referred early and having only mild HE (7) . However, few disease-specific or general treatments are available that yield improved outcomes.
In this study, our aim was to update the U.S. experience with ALF at specialized liver disease and transplant centers since the last published overview by the Acute Liver Failure Study Group (ALFSG) in 2002 (2) . This group initiated its registry in January 1998 to better characterize the causes, clinical features, and outcomes of this "super-orphan" condition and aimed to enroll cases prospectively from participating liver transplant centers across North America. Accordingly, we analyzed data on all patients with ALF enrolled between 1998 and 2013, focusing on whether clinical features or outcomes of the ALF syndrome have changed
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over time. In addition, we sought to determine the relationship between ALF causes and rates of TFS and whether utilization of liver transplantation changed in the 16-year observation period.
METHODS
Study Population
From 1 January 1998 through 31 December 2013, adult patients were consecutively enrolled in the ALFSG registry (2) from 31 U.S. academic liver centers (of which only 5 "legacy" sites participated continuously throughout the 16-year period). All enrolled patients had both coagulopathy (international normalized ratio [INR] ≥1.5) and any grade of HE (as clinically defined by the classic West Haven criteria [8] ) within 26 weeks of the first symptoms and had no evidence of significant chronic liver disease, especially cirrhosis. Patients for whom prior liver transplantation failed (due to primary graft nonfunction or other causes) were excluded. During the 16-year period, the number of sites participating, their geographic locations, and the number of cases contributed per site varied depending on each site's ability to continually identify and enroll patients over time (Appendix Figure 1 , available at www.annals .org).
Patients were usually admitted to intensive care units; 82.4% were hospitalized before transfer to the referral tertiary care study site, and the remainder were admitted directly to the study site. All were screened for inclusion according to the ALF criteria defined earlier. Written informed consent was obtained from the legal next of kin. A log of "screen failures" and consent refusal was maintained. All centers complied with local institutional review board requirements.
Data Management and Integrity
At enrollment into the study, we prospectively collected patient demographic characteristics (age, sex, race, and ethnicity); a complete medical history, including the timing of the first symptom of ill health, onset of jaundice and HE, and the number of days between the first symptom, hospital admission, transfer to the study site (where relevant), and enrollment in the study; and clinical features, including blood pressure and need for vasopressor support, mechanical ventilation, and renal replacement therapy, which allowed calculation of the systemic inflammatory response syndrome (SIRS) score (9) . We also collected standard liver and metabolic test results and clinical data daily for up to 7 days, as well as serologic and other tests to determine the cause.
All data were managed and housed on a central server at the Medical University of South Carolina. A data query system and periodic monitoring are in place to manage data integrity. In addition, ALFSG leadership conducted annual visits to clinical sites to verify data and ensure compliance with study procedures.
Statistical Analysis
Statistical analyses were performed using SAS, version 9.4 (SAS Institute). Missing values were not replaced or estimated. Patients with missing data were excluded from the respective analyses for those variables, and patients who were lost to follow-up before 21 days were excluded from the study. Descriptive statistics were used to characterize the demographic and other clinical variables. Categorical variables were compared using the chi-square test or the Fisher exact test (the latter when expected cell counts were <5). Medians were reported with interquartile ranges (IQRs) and were compared with the Wilcoxon rank-sum test. Survival and transplant outcomes at 21 days after study enrollment were classified as TFS (survival without liver transplantation), liver transplantation, or death (2). Outcomes were also determined at 1 and 2 years after study enrollment, but these data were less complete than the 21-day outcome data. Survival rates over time were assessed descriptively at the individual-site level to verify that changes in TFS were not affected by varying accrual of patients from different sites. Treatment utilization and survival and transplant outcomes were analyzed over time annually for trends and were also stratified into two 8-year periods: early (1998 to 2005) and later (2006 to 2013). Trends over time were analyzed using the Cochran-Armitage test. A significance level of less than 0.05 was used for all comparisons.
Role of the Funding Source
This study was funded by the National Institutes of Health. The funding source had no direct role in the design, conduct, or reporting of the study.
RESULTS
Demographic Characteristics and Comorbidities
During the 16-year study, 2070 patients (median age, 39.0 years [IQR, 29.0 to 52.0 years]) were enrolled in the ALFSG registry. Over the same interval, there were 660 confirmed ALF screen failures (286 due to failure to meet inclusion criteria, 212 for whom consent
EDITORS' NOTES Context
Whether changes have occurred in the causes of acute liver failure (ALF), its management, or the survival of patients with the condition (with or without liver transplantation) is not known.
Contribution
This large cohort study found that despite similar causes and severity of ALF among patients referred to specialty centers from 1998 to 2013, the proportion of patients listed for liver transplantation decreased and survival improved among those who did not receive a transplant as well as those who did.
Implication
More study is warranted to better understand the specific changes in care that may have led to improved survival of patients with ALF.
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could not be obtained, and 162 for other reasons). Among enrolled patients, 69.3% were women and 76.4% were white ( Table 1) . Patients did not differ in sex, race, or ethnicity between the two 8-year periods but were significantly older and heavier in the later period. Prevalence of hypertension, heart disease, diabetes, psychiatric illness, and substance dependency all increased significantly between the early and later periods, whereas prevalence of renal disease did not.
Causes and Clinical Severity of ALF
The percentage of enrollment as a reflection of the most common causes of ALF did not change during the two 8-year periods. Hepatotoxicity due to APAP accounted for almost half the cases of ALF for the entire 16-year period ( Table 1) , with the highest annual prevalence (53.0%) occurring in 2013. Unintentional APAP overdoses (those in which patients took excessive medication over several days for such ailments as pain, malaise, or fever [10, 11] ) were more common than intentional (suicidal) overdoses. Hepatitis A virus infection was significantly less evident during the later period (9 cases [0.8%]) than the early period (28 cases [2.8%]) (P < 0.001). Hepatic ischemia and autoimmune hepatitis increased modestly, whereas hepatitis B virus infection, drug-induced liver injury, Wilson disease, and Budd-Chiari syndrome were less frequently noted.
Patients entered either the primary or the referral (study) site more rapidly after initial symptom onset in the later period (2.0 days [IQR, 0.0 to 8.0 days]) than the early period (3.0 days [IQR, 1.0 to 14.0 days]) (P < 0.001) ( Table 1) . However, the corresponding interval between symptom onset and HE onset was 4.0 days in both the early (IQR, 1.0 to 15.0 days) and later (IQR, 1.0 to 12.0 days) periods, and time from onset of jaundice to enrollment also was unchanged (3.0 days in each period [IQRs, 1.0 to 12.0 and 1.0 to 10.0 days, respectively]). Most patients with ALF were severely ill at study enrollment, with nearly 50% having grade 3 or 4 (that is, deep) HE throughout. Biochemical liver test results varied widely but indicated severe illness in most patients (Appendix Table 1 , available at www.annals.org).
Laboratory Tests for ALF
Between the early and later periods, median bilirubin and creatinine levels at enrollment decreased slightly, whereas median INR was unchanged, resulting in a small but clinically insignificant reduction in the median Model for End-Stage Liver Disease (MELD) score. Nearly two thirds of patients met criteria for SIRS at study enrollment in both periods (P = 0.37). Based on clinical features and laboratory results, the severity of the ALF syndrome seemed similar over time. 
Clinical Interventions and Complications
Certain therapeutic interventions were used more frequently during the later period than the early period, whereas others were used less often. Although the overall median blood pressure at admission was 124/68 mm Hg (Table 1), 14.9% of patients had median mean arterial pressures less than 70 mm Hg at admission, with no difference observed between the early and later periods. At study enrollment, vasopressors were used in 18.3% of patients, renal replacement therapy was used in 20.3%, and 47.3% had undergone intubation and mechanical ventilation, with no differences between the periods.
As shown in Table 2 , however, vital function support increased during the 7 days after enrollment, to cumulative overall rates of 60.7% for assisted ventilation, 31.2% for vasopressors, and 32.2% for renal replacement therapy. Between the early and later periods, assisted ventilation and vasopressor use within 7 days after enrollment decreased significantly. Red blood cell and plasma infusions were also used less frequently (although the volumes transfused were not recorded) in the later period; 44.3% and 65.2% of patients, respectively, received red blood cells and plasma in the early period, compared with only 27.6% and 47.1%, respectively, in the later period (P < 0.001 for each). Intracranial pressure was monitored less often during the later period (11.4%) than the early period (18.7%) (P < 0.001). Use of renal replacement therapy was consistent across both periods.
Over the entire 16-year period, use of ventilator support, plasma and red blood cell transfusions, and vasopressors decreased (P < 0.001 for all) (Figure 1) . Only use of renal replacement therapy (at any time) was unchanged. Approximately 90% of patients with APAP overdose were consistently treated with intravenous or oral N-acetylcysteine overall ( Table 2) , and N-acetylcysteine use in patients without APAP toxicity showed a significant 3-fold increase between the early and later periods, due largely to a linear increase in administration from 18.2% in 2006 to 65.1% in 2010 that plateaued thereafter (Table 2 and Figure 2) . Regardless of whether antibiotics were used during the initial 7 inpatient days after enrollment was recorded, information on the drug type and its duration of use was not collected. Antibiotics were given as specific therapy in 31.6% of patients during the 16-year period, whereas prophylactic use increased significantly between periods from 37.4% to 46.7% (P < 0.001).
Overall, 192 (9.3%) patients in the cohort had gastrointestinal bleeding as a complication during the initial 7-day period. Gastrointestinal bleeding occurred in 110 (11.1%) patients in the early period and 82 (7.6%) in the later period (P = 0.006).
Advanced life-and liver-support systems (such as extracorporeal membrane oxygenation, molecular adsorbent recycling, and extracorporeal liver-assist devices) were not used during the study.
ALF Outcomes: Overall Survival, TFS, and Liver Transplantation Status
Overall, 22.3% of patients received a transplant; 21-day postoperative survival was 92.0% (Table 2) . However, between the early and later periods, there was a reduction in liver transplantation listing from 43.5% to 32.2% (P < 0.001), accompanied by a slight but significant improvement in posttransplantation survival. Thus, the corresponding combined survival rate 
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(TFS plus posttransplantation survival) increased, resulting in an overall survival for the 16-year period of 71.4% (50.9% for TFS and 20.5% for posttransplantation survival). Between the early and later periods, TFS increased significantly among patients who were listed for but did not receive a transplant, and outcomes also improved among those who were not listed ( Figure 3 and Table 2 ).
Transplant-free survival increased across the 2 periods for patients with APAP toxicity and those without, as shown in Appendix Tables 2 to 4 (available at www .annals.org). For patients without APAP toxicity who had mild HE on admission (grade 1 or 2), TFS increased from 34.5% to 43.7% (P = 0.019) (Appendix Table 3 ), whereas there was no significant change in TFS in patients without APAP toxicity who had deep HE (grade 3 or 4).
Longitudinal Analysis for Trends
Overall survival and TFS rates improved progressively over the 16-year study period ( Figure 3) . Overall survival increased significantly from 58.8% in 1998 to 75.0% in 2013 (P < 0.001), and TFS increased from 32.9% in 1998 to 61.0% in 2013 (P < 0.001). Both the number of patients listed and the number who received a transplant decreased significantly (Appendix Figure 2 , available at www.annals.org). Transplant-free survival among patients listed for transplantation improved from 19 .2% in 1998 to 35.7% in 2013 (P < 0.001). Longitudinal TFS rates were assessed descriptively for differences by site, and none were found (data not shown). Annual TFS rates at legacy sites (those that participated throughout the entire study period), which contributed 825 of 2070 (39.9%) patients, were indistinguishable from those observed at the remaining sites ( Figure 3) . Timelines for patient enrollment are shown for all sites over the 16-year study period in Appendix Figure 1 .
Outcomes Related to ALF Causes and Other Risk Factors
Improvement in overall outcomes was apparent across most causes (Appendix Table 2 ). Rates of TFS increased and liver transplantation listing decreased for most of the causes; however, these were statistically significant only for TFS in patients with APAP hepatotoxicity or drug-induced liver injury (2 of the 3 most prevalent causes). Transplant-free survival among the combined non-APAP causes also improved.
Causes of Death
Causes of death from ALF (as assigned by the site principal investigator) were as follows: multiorgan failure (20.6%), neurologic cause (13.9%), multifactorial cause (11.2%), unspecified "liver-related" cause (10.8%), sepsis or infection (7.9%), and cardiac cause (5.3%). In 25% of cases, the cause of death was unknown or unspecified. The only noticeable change was a decrease in neurologic deaths, from 19.0% to 7.6%.
DISCUSSION
Outcomes of ALF in specialized centers in the United States, as exemplified by these data (Figure 3) , have improved steadily in recent years, both without and with liver transplantation, whereas clinical features of the syndrome have mostly remained unchanged. The short-term liver transplantation survival rate of 96.3% in the later period compares favorably with survival rates reported in the same period by the United Network for Organ Sharing, representing all 132 liver Overdose of APAP remained the most frequently identified cause of ALF; the proportion of such patients who enrolled in our registry increased from 31.8% in 1998 to 53.0% in 2013. These data contrast sharply with those from the United Kingdom, where APAP-induced severe liver injury has decreased by approximately 40.0% since 1998 (4). Acute viral hepatitis, the most common cause of ALF worldwide (14) , accounts for only a small number of U.S. cases; the overall proportion of enrolled patients with hepatitis B virus infection was 7.2% and remained steady during the 16-year study period, whereas the proportion with hepatitis A virus infection decreased significantly from 2.8% to 0.8% during the later period. Changes in the proportions of other causes, such as drug-induced liver injury (10.8%), autoimmune hepatitis (7.0%), and ischemic liver disease (5.7%), were minimal. Clinically severe ALF was common throughout the 16-year study period. Most patients were referred to tertiary care centers with advanced-grade HE, elevated serum creatinine levels (≥50% of patients), and SIRS features (64.3% of patients). The slight but statistically significant reduction in median MELD scores between the early and later periods is unlikely to be biologically important. Patients in the later period were just as ill (according to most criteria) as earlier enrollees. There were no changes in the distribution of specific causes or the speed of ALF evolution, as judged by the interval between the onset of symptoms and the appearance of HE ( Table 1) .
The frequency of intensive care unit interventions reflects severity of illness as well as temporal changes in practice patterns during the study. Although intervention frequencies were notably high, mechanical ventilation and vasopressor use decreased significantly between the early and later periods, with no change in use of renal replacement therapy ( Table 2 and Figure  1 ). Blood products were given less frequently over time, possibly as the deleterious effects of unnecessary blood transfusion in intensive care (15) and the futility of routine use and overuse of plasma administration in ALF (16) became better appreciated. Although the prevalence of patients with advanced encephalopathy remained unchanged, we observed less reliance on intracranial pressure monitoring during the later period, which may reflect concern over its limited clinical utility and associated risks (17, 18) . The increased prophylactic use of antibiotics seen in the later period preceded the recognition (19) that this therapy does not seem to reduce bloodstream infections in ALF. This practice may be modified in the future.
Use of N-acetylcysteine for APAP toxicity, which is considered a standard treatment, was almost universal. In contrast, although N-acetylcysteine was used infrequently for patients without APAP toxicity in the early period, its use increased markedly after completion of a . The results of that trial suggested a benefit for N-acetylcysteine administration only in patients with mild (grade 1 or 2) HE, who were enrolled twice as often as those with deeper HE. The frequent administration of N-acetylcysteine to patients without APAP toxicity with all grades of HE in our current study may have been due to the providers' assessment that benefit was possible and harm was unlikely. Transplant-free survival increased between the 8-year periods for patients with mild or deep HE regardless of APAP toxicity; on the basis of the outcomes with N-acetylcysteine use (Appendix Tables 3 and 4) , we postulate that increased use of this medication as well as other factors, such as improved care in the intensive care unit, contributed to the overall improvement in TFS for patients with ALF.
Although the extent to which the ALF syndrome described here is representative of the U.S. experience as a whole is not clear, we believe that it is representative because the study cohort was drawn from heterogeneous and geographically diverse sites. Given an estimate of 2000 instances of ALF in the United States annually (3), the 2070 patients enrolled represent only about 6.5% of all potential ALF cases during this period. Therefore, the improved outcomes we observed are probably the best that can currently be achieved given the specific expertise and interest of the ALFSG investigators, which may not be available elsewhere. We could not identify any pattern of outcomes attributed to specific centers despite variability across sites in terms of the number of cases contributed each year.
The outcomes in our study compare favorably with those observed in an earlier retrospective study (4) from King's College Hospital that also suggested improvement in outcomes over 35 years (1973 to 2008) . Unlike that study, we showed only a minimal (if any) reduction in ALF severity over time and a slight decrease in the time from illness onset to admission to specialized care (6) . However, our cohort did not include patients with acute liver injury (severe liver injury without HE), which we will report separately. We speculate that better intensive care may have been instrumental in improving TFS and possibly posttransplantation survival. Improved survival may have been the result of other factors. However, because the severity of ALF remained constant throughout the study period and comorbidities increased, there is no a priori reason to suspect that decreased interventions were the product of the improvement in outcomes; rather, they may have contributed to this improvement by averting iatrogenic misadventure.
In conclusion, ALF, which affects only 2000 patients annually in the United States, seemed stable with respect to causes, demographic characteristics, and severity over 16 years of study by the U.S. ALFSG. Nevertheless, ALF outcomes improved considerably over time, in association with slightly improved survival after liver transplantation and especially with improved survival without transplantation, which we speculate relates mainly to more effective intensive care unit management. The potentially beneficial role of Nacetylcysteine and more judicious use of ventilator support, vasopressors, and blood products should be further evaluated in future studies. 
